We have experimentally studied the spin-induced time reversal symmetry (TRS) breaking as a function of the relative strength of the Zeeman energy (E Z ) and the Rashba spin-orbit interaction energy (E SOI ), in InGaAs-based 2D electron gases. We find that the TRS breaking, and hence the associated dephasing time B, saturates when E Z becomes comparable to E SOI . Moreover, we show that the spin-induced TRS breaking mechanism is a universal function of the ratio E Z =E SOI , within the experimental accuracy. DOI: 10.1103/PhysRevLett.94.186805 PACS numbers: 73.23.-b, 71.70.Ej, 72.25.Rb The spin dynamics in solid state systems is commonly determined by the competition between two energy scales: the Zeeman energy and the spin-orbit interaction (SOI) energy. If the Zeeman energy (E Z ) is dominant, the spin is always aligned with the applied magnetic field. In contrast, if the spin-orbit interaction is dominant, the spin and orbital dynamics are coupled, and elastic scattering therefore randomizes the spin precession axis. This results in a finite spin relaxation time s 0 [1]. Hence, the ''control parameter'' for the spin dynamics in diffusive systems is the ratio E Z =E SOI , where E SOI h= s 0. Consequently, many proposals and physical phenomena in the field of spintronics depend on the ratio of these two energy scales [2 -4].
The spin dynamics in solid state systems is commonly determined by the competition between two energy scales: the Zeeman energy and the spin-orbit interaction (SOI) energy. If the Zeeman energy (E Z ) is dominant, the spin is always aligned with the applied magnetic field. In contrast, if the spin-orbit interaction is dominant, the spin and orbital dynamics are coupled, and elastic scattering therefore randomizes the spin precession axis. This results in a finite spin relaxation time s 0 [1] . Hence, the ''control parameter'' for the spin dynamics in diffusive systems is the ratio E Z =E SOI , where E SOI h= s 0. Consequently, many proposals and physical phenomena in the field of spintronics depend on the ratio of these two energy scales [2 -4] .
An example where the spin dynamics, and therefore the ratio E Z =E SOI , plays an important role is in phase-coherent transport: quantum interference is qualitatively different for E Z =E SOI 1 and E Z =E SOI 1. For E Z =E SOI ! 1 the spin dynamics does not depend on the orbital motion of the electrons [ Fig. 1(a) ]. The spin is a good quantum number and the interference takes place within each spin subband separately. For E Z =E SOI 1, the spin is not a conserved quantity, and the spin randomly precesses during the orbital motion [ Fig. 1(b) ]. This leads to mixing of the spin subbands in the interference process (resulting in weak antilocalization [5, 6] ). Increasing the ratio E Z =E SOI leads therefore to a crossover between two conceptually different physical conditions.
In the limit E Z =E SOI 1, it was recently shown theoretically [7] and experimentally [8, 9] that increasing the ratio E Z =E SOI from zero to a finite value (1), results in dephasing of time-reversed paths, i.e., it induces time reversal symmetry (TRS) breaking. The effect of the interplay between Zeeman and SOI on quantum interference is, therefore, quite similar to a small perpendicular magnetic field (i.e., a magnetic flux); they both introduce an upper time scale for interference, which is shorter than the inelastic scattering time [10] . We denote this upper time scale due to the interplay between Zeeman and SOI by B k .
In this Letter we investigate experimentally the TRS breaking, due to the competition between Zeeman coupling and Rashba SOI [11] , for the whole range of E Z =E SOI , i.e., up to E Z =E SOI 1. We demonstrate that the spin-induced TRS breaking, and hence the associated dephasing time B k , saturates when E Z =E SOI 1, i.e., when the spin becomes aligned with the external magnetic field. The saturation value of the dephasing time B k is found to depend exclusively on the spin relaxation time s 0. Moreover, we show that the quantity s 0= B k is a universal function of E Z =E SOI , i.e., it is independent of any details of the quantum well, such as the electron density, elastic scattering time, and Rashba spin-split energy . All these conclusions are based on the detailed quantitative analysis of the magnetoconductance as a function of perpendicular and parallel magnetic fields.
In our investigation we have used three gated InAlAs= InGaAs=InAlAs based quantum wells, which were designed to have different values of Rashba SOI strength [12] . At V gate 0 V, the characteristic spin-split energy for the different samples are 0:5, 1.5, and 1.8 meV. We will refer to these samples as to samples 1, 2, and 3, respectively, (see also [8] [8] . Here we recall that we use the theory of Iordanskii, Lyanda-Geller, and Pikus (ILP) [6] , in which B k and the spin relaxation time s B k are the only free parameters [13] . Figure 2 shows an example of the measured magnetoconductance curves B ? at different values of B k (open circles) for sample 3. The continuous lines superimposed on the data represent the best fit to the ILP theory. We find very good agreement between data and theory for all values of B k , or equivalently, for all values of the ratio E Z =E SOI . This kind of analysis has been performed for all samples, and for different values of the electron density, elastic scattering time, and SOI strength [14] .
Note that for E Z =E SOI 1 the weak antilocalization is fully suppressed (see Fig. 2 ). Therefore, in the limit that E Z =E SOI 1, B k is the only free parameter in the ILP model to fit the data, and can be determined with great accuracy. Only in the narrow region where E Z E SOI , the value of B k is possibly determined with somewhat less accuracy, due to potential B k -induced anisotropies in the spin relaxation time.
In Fig. 3 (or E 2 Z ) at which the crossover occurs is larger for larger values of E SOI . Anticipating, the crossover occurs when E Z =E SOI 1 (see Fig. 4) .
The large dephasing slope for E Z =E SOI 1 is due to the competition between Zeeman coupling and Rashba SOI [8] . In contrast, the small dephasing slope in the high field limit can be attributed to the coupling of B k to the orbital motion of the electrons. Hence, Fig. 3 suggests that the spin-induced dephasing of time-reversed waves, i.e., the spin-induced TRS breaking, saturates.
To show the spin-induced part of the measured dephasing rate 1= B k , we subtract the contribution due to inelastic scattering 1= 0, and denote the spin-induced dephasing rate by ÿ [16] . However, the corresponding behavior of s 0ÿ s B k , in particular, its universal character, had not been recognized so far.
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We understand the saturation of ÿ s B k for E Z =E SOI 1, and the dependence of the saturation value of ÿ s B k on spin relaxation time s 0, in the following intuitive way. Imagine first that the Zeeman splitting is large and SOI is absent. At the Fermi energy, the spin-split subbands are then well separated in k space, and are fully decoupled. In that case each subband contributes separately to the interference, and the upper time scale for interference is the inelastic scattering time, independent of the size of the Zeeman splitting. In the presence of SOI, the spin subbands become weakly coupled, i.e., a particle can be scattered from one spin subband to the other (flip its spin). Imagine there is a spin-flip center at a certain position along the path. Both time-reversed waves will then flip their spin at that position, and hence at different times in general. The waves spend therefore different amounts of time in each spin subband before they interfere, and obtain a large phase difference, since k F;" ÿ k F;# is large (large Zeeman splitting). This implies that waves no longer contribute to the interference (on average) if a spin-flip event takes place along the path. The upper time scale for quantum interference is therefore reduced to (roughly) the spin relaxation time, independent of the Zeeman splitting, as long as k F;" ÿ k F;# is large enough. This simple picture is in qualitative agreement with our experiments.
Finally, we focus in more detail on the remaining small, but finite, dephasing slope for E Z =E SOI 1 (see Figs. 3  and 4) . To show the remaining dephasing rate for E Z =E SOI 1 most clearly, we subtract the spin-induced dephasing rate in this limit, which equals the saturation value 1= E Z =E SOI 1, and denote the resulting dephasing rate by ÿ orb B k . Figure 5 shows the extracted values of ÿ orb B k 1= B k ÿ 1= E Z =E SOI 1 for sample 1 (weakest SOI), for different values of the electron density [17] . (Note that the B 2 k -field scale in this graph is much larger than in Figs. 3 and 4 , i.e., E Z =E SOI 1.) We find that the dephasing slope is larger for larger values of the electron density. In particular, we find that the remaining dephasing slope scales about linearly with the Fermi velocity (see inset).
The finite thickness of the quantum well makes that B k not only couples to the electron spin (Zeeman coupling), but also to its orbital motion. It has been shown that this orbital coupling can also break TRS, via various mechanisms [19, 20] . These mechanisms depend on the specific (nonuniversal) details of the quantum well, such as surface Results from all three samples are shown, illustrating that, irrespective of sample, electron density, SOI strength, etc., the data collapse on nearly a single curve.
roughness, z dependence of the scattering potential in the two-dimensional electron gases (2DEG), and the asymmetry of the confining potential. 3 , which is a small value in comparison to other reports [9] .
In general, the orbital mechanism will break the universality of the experimentally measured TRS breaking in systems with SOI, since it adds to the (universal) spininduced TRS breaking mechanism. In our samples, the orbital TRS mechanism is very small and hence unimportant, so it affects the universality only minimally. This allows us to observe the universal behavior of the spininduced TRS breaking for all values of the ratio E Z =E SOI .
In conclusion, we have demonstrated that the TRS breaking rate ÿ B k , caused by the competition between Rashba SOI and Zeeman coupling, saturates when E Z E SOI . This is because, for E Z E SOI , two Fermi surfaces start being formed with well-defined spin direction, pointing either parallel or antiparallel to B k . Moreover, we have shown that the scaled dephasing rate s 0ÿ B k is a universal function of the ratio E Z =E SOI , within the experimental accuracy. Finally, we have shown that this universality is broken by the coupling of the magnetic field to the orbital motion of the electrons.
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